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ABSTRACT 


Fatigue  crack  growth  after  single-cycle  peak  overload  was 
investigated  in  Ti-6A1-4V  sheet.  Strain  hardening  was  determined  not 
to  be  the  major  controlling  mechanism  retarding  crack  growth  after  peak 
overload,  but  instead,  strain  hardening  slightly  accelerated  carck  growth 
for  the  case  when  strain  hardening  was  induced  prior  to  crack  initiation. 
Crack  growth  after  peak  overload  was  characterized  by:  (1)  no  effect 
after  20  percent  overload  (a  20  percent  increase  in  maximum  stress 
intensity);  (2)  crack  arrest  immediately  following  70  and  100  percent 
overloads;  (3)  subsequent  retarded  crack  growth  rates  after  70  and  100 
percent  overloads;  and  (4)  retardation  but  no  arrest  following  50  percent 
overload.  The  Wheeler  model  of  crack  growth  retardation  was  discussed 
and  shown  not  to  predict  instantaneous  retarded  growth  rates.  The 
physical  appearance  of  post-test  fracture  surfaces  were  as  hypothesized 
by  the  Elber  concept  of  crack  closure  after  overload.  The  recovery  of 
an  overloaded  crack  was  linear  with  respect  to  the  constant  load  amplitude 
cyclic  stress  intensity. 
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NOMENCLATURE 


a 

half  crack  length  as  measured  from  specimen  centerline 
to  crack  tip 

an 

current  crack  length  utilized  in  Wheeler  formula 

ao 

original  crack  length  utilized  in  Wheeler  formula 

aP 

current  crack  length  plus  the  radius  of  the  largest 
previous  yield  zone 

C 

material  constant  determined  from  constant  load 
amplitude  crack  growth  data  (constant  utilized 
in  Paris  crack  growth  equation) 

Cp 

da/dN 

Wheeler  retardation  parameter 

instantaneous  crack  growth  per  cycle 

(da/dN)C.  A. 

instantaneous  constant  load  amplitude  crack  growth 
rate  occurring  at  same  crack  length  as  da/dNQ. 
but  under  constant  amplitude  loading  conditions 

(da/dN)0  L> 

instantaneous  retarded  crack  growth  rate  following 
single-cycle  overload 

f(AKj) 

Fw 

Kc.a. 

function  of  cyclic  stress  intensity 

Isida  finite  width  correction 

maximum  stress  intensity  occurring  in  constant  load 
amplitude  cycle  prior  to  overload 

KI 

K0.  L. 

linear  elastic  plane  strain  stress  intensity 

maximum  stress  intensity  during  overload  cycle 

m 

data  correlating  exponent  for  Wheeler  formula 

n 

data  fitting  exponent  determined  from  constant  load 
amplitude  crack  growth  data  (constant  utilized  in 

Paris  crack  growth  equation) 

O.L. 

overload 

q 

slope  of  linear  relationship  between  Z  and  AK^  ^ 

R 

minimum  fatigue  load  divided  by  maximum  fatigue 
load 

Ry 

radius  of  current  yield  zone 
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NOMENCLATURE,  continued 


ry 

u 

plane  strain  yield  zone  radius 

Elber  effective  stress  ratio 

w 

width  of  specimen  at  the  test  section 

z 

recovery  factor 

Zi>  (AKC.A.)i 

any  simultaneous  recovery  factor  and  cyclic 
constant  load  amplitude  stress  intensity, 
respectively,  under  the  influence  of  an 
overload 

Zo 

intercept  of  ordinate  if  AK^;.  A.  =  0  when 
considering  linear  relationship  between 

Z  and  AKq  ^ 

AKj 

cyclic  stress  intensity 

AK  eff 

effective  cyclic  stress  intensity  factor  utilized 
in  Elber  model 

Ary 

0 

relative  cyclic  plastic  zone  radius 

gross  stress 

a 

max 

maximum  applied  stress 

°min 

minimum  applied  stress 

i  ffOP 

stress  at  which  crack  tip  opens 

0 

y.  s. 

yield  stress 
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INTRODUCTION 


The  use  of  high  strength  materials  in  modern  military  aircraft 
has  become  necessary  in  order  to  increase  aircraft  performance 
capabilities.  However,  these  materials  have  presented  several 
problems  not  confronted  with  medium  and  low  strength  material 
structures.  One  problem  which  is  of  major  concern  is  the  sensitivity 
of  high  strength  materials  to  flaws  or  defects.  When  these  materials 
are  loaded,  flaws  become  a  source  of  propagating  cracks  and  subsequent 
catastrophic  component  failure. 

The  visual  detection  and  arrest  of  subcritical  cracks  has  been 
possible  in  many  cases.  However,  when  cracks  stem  from  internal 
material  flaws  or  propagate  in  areas  which  are  not  accessible  without 
a  major  aircraft  disassembly,  their  detection  and  repair  before  reach¬ 
ing  critical  dimensions  is  physically  impossible.  It  is  therefore 
necessary  that  an  analysis  of  crack  growth  in  high  strength  aircraft 
materials  be  made  available  so  as  to  confidently  predict  when  to 
accomplish  some  repair,  component  replacement,  or  to  remove  aircraft 
from  service.  This  prediction  of  component  or  aircraft  life  would  be 
based  on  the  maximum  material  flaw  size  allowable  at  the  time  of 
material  fabrication. 

In  an  effort  to  obtain  useful  and  workable  analyses  of  crack 
growth,  researchers  (References  1  and  2)  have  investigated  the  effect 
of  constant  amplitude  loading  on  propagating  fatigue  cracks.  Empirical 
relationships  have  been  developed  by  several  investigators  for  the  case 
of  constant  amplitude  loading,  utilizing  a  linear  elastic  stress  intensity 
(Ki)  approach.  The  main  premise  of  these  relationships  has  been  that 
the  crack  growth  rate  (da/dN)  resulting  from  a  constant  load  amplitude 
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is  a  function  of  the  change  in  stress  intensity  (AKj)  at  the  crack  tip 
during  load  cycling.  The  general  form  of  the  developed  equations  is 
da/dN  =  f(AKj).  The  two  most  notable  of  these  equations  are  as  follows: 

da/dN  =  C(AKj)n  Paris  Equation 

C(AKI)n 

da/dN  -  -  Forman  Equation 

(l-RJKc-AKj  ^ 

With  these  simplified  versions  of  crack  growth  as  a  base,  the  effects 
of  other  influences  must  also  be  analyzed  for  an  accurate  prediction  of 
aircraft  life.  One  such  influence  involves  the  retarding  effect  of  peak 
overloads  on  subsequent  crack  growth.  When  the  retarding  effect  of 
peak  overload  on  crack  growth  is  disregarded,  the  prediction  of  material 
life  is  usually  very  conservative.  For  more  accurate  predictions  of  the 
cyclic  life  to  failure,  peak  overload  mechanisms  must  be  understood 
and  mathematically  modeled. 

To  date  only  a  few  investigators  have  studied  the  retarding  effects 
of  peak  overload  on  crack  growth.  These  researchers  have  proposed 
several  mechanisms  in  an  attempt  to  explain  the  retardation  phenomenon. 
Among  these  proposed  mechanisms  are:  (1)  compressive  residual 
stresses  at  the  crack  tip  (Reference  3);  (2)  change  in  geometrical  shape 
of  the  crack  tip  (Reference  4);  (3)  crack  closure  (Reference  5);  and 
(4)  yield  zone  interaction  (Reference  6).  Of  the  hypothetical  mechanisms 
introduced,  none  as  yet  has  been  conclusively  shown  to  be  the  prime 
influence  on  crack  growth  after  overload.  However,  several  of  these 
mechanisms  have  been  successfully  used  to  empirically  model  retarded 
crack  growth  behavior. 

Another  conceivable  factor  in  crack  retardation  which  has  not 
been  previously  considered  is  strain  hardening.  Crack  tip  strain 
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hardening  (cold  working)  is  the  progressive  strengthening  of  the  region 
in  the  vicinity  of  a  crack  tip  due  to  excessively  high  plastic  straining 
or  permanent  cold  working  deformation.  This  paper  demonstrates 
that  strain  hardening  is  not  a  mechanism  of  fatigue  crack  growth 
retardation  after  peak  overload.  The  study  is  accomplished  by 
comparing  crack  growth  rates  among  a  series  of  specimens  having 
different  prestrain  levels  with  cracking  rates  in  unstrained  material. 

In  addition  to  strain  hardening,  other  mechanisms  such  as  yield 
zone  interaction  and  crack  closure  are  studied  and  evaluated.  The 
Wheeler  and  Elber  retardation  models  which  consider  yield  zone 
interaction  and  crack  closure,  respectively,  are  discussed.  A 
considerable  portion  of  the  report  concentrates  on  the  development  of 
a  retardation  model  based  on  the  test  findings. 

It  must  be  realized  that  this  is  an  exploratory  study  of  crack 
growth  retardation  after  peak  overload,  and  that  conclusive  proof 
will  not  be  contained  in  this  report. 
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MATERIAL  AND  SPECIMENS 


An  annealed  Ti-6A1-4V  sheet  measuring  96  inches  by  36  inches  by 
0.  063  inches  was  received  from  TMCA  (Titanium  Metals  Corporation  of 
America)  for  testing  purposes.  The  sheet  was  heat  treated  according  to 
MIL  T  9046F  specifications.  The  chemical  composition  of  the  sheet 
which  is  presented  in  Table  I  was  certified  by  TMCA. 


TABLE  I 

Chemical  Analysis  of  Ti-6A1-4V  Test  Sheet 


Chemical  Composition  (%  by  weight) 

C 

Fe 

N 

A1 

V 

H 

O 

0.  026 

0.  09 

0.  011 

5.  8 

3.8 

0.008 

0.  14 

Tensile  specimens  were  machined  from  the  center  section  of  the 
sheet  in  both  the  longitudinal  (length)  and  the  transverse  (width)  directions. 
Three  specimens  were  removed  from  each  direction.  The  tensile 
specimen  configuration  is  shown  in  Figure  1. 

Center  notched  specimens  for  crack  growth  testing  were  machined 
in  the  longitudinal  direction  of  the  sheet.  Loading  was  parallel  to  the 
longitudinal  grain  structure  while  crack  growth  was  in  the  transverse 
direction  of  the  sheet.  The  center  notched  specimen  configuration  is 
presented  in  Figure  2.  Cracks  were  initiated  from  the  starter  notch 
shown  in  the  detail  of  Figure  2  by  fatigue  loading.  All  but  two  specimens 
were  removed  from  a  7  foot  by  1  foot  strip  taken  from  an  edge  section 
of  the  test  sheet.  Ten  crack  growth  specimens  were  machined  from  the 
sheet.  Two  specimens  were  tested  with  constant  load  amplitude 
parameters,  five  were  tested  with  strain  hardening /constant  load  amplitude 
conditions,  and  three  were  tested  with  peak  overload/constant  load 
amplitude  conditions. 
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Figure  1.  Tension  Specimen  Configuration 


1.000  Did 
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Figure  2.  Crack  Growth  Specimen  Configuration 
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TEST  PROCEDURES 


Tensile  testing  was  performed  according  to  the  ASTM  (American 
Society  for  Testing  and  Materials)  standard  testing  procedures  utilizing 
a  Wiedemann  Tensile  Testing  Machine. 

Crack  growth  testing  was  performed  with  an  MTS  Systems 
Corporation  closed-loop  hydraulic  fatigue  testing  system.  A  sinusoidal 
loading  wave  form  and  a  loading  frequency  of  60  cpm  were  utilized  for 
all  crack  growth  testing  with  an  exception  being  that  peak  overloads  were 
applied  at  10  cpm.  A  maximum  load  of  3000  lbs  and  an  "R"  ratio 
(minimum  fatigue  load  to  maximum  fatigue  load)  of  0.  1  were  also  used 
for  every  crack  growth  test,  with  the  only  exception  being  that  the  maximum 
load  was  changed  with  peak  overload  applications.  Crack  lengths  were 
measured  from  tip  to  tip  with  a  10X  Gaertner  traveling  microscope 
(see  Figure  3).  Cracks  grew  symmetrically  in  the  test  specimens 
as  occasional  checks  showed  equal  crack  lengths  on  both  sides  of  the 
specimen's  centerline. 

The  three  types  of  crack  growth  testing  were  performed  as  follows: 

(1)  Constant  Load  Amplitude 

Fatigue  cracks  were  propagated  in  the  "as-received"  material. 

The  loading  amplitude,  mean  load,  and  frequency  were  maintained 
constant  throughout  the  entire  test. 

(2)  Strain  Hardening/Constant  Load  Amplitude 

Unnotched  specimens  were  deformed  in  tension  to  various 
percentages  of  plastic  strain.  The  plastic  straining  prior  to  crack 
growth  testing  was  performed  in  the  Wiedemann  Tensile  Testing  Machine 
with  a  resistive  bridge  extensometer  used  as  a  strain  monitor.  The 
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Figure  3.  Test  Arrangement  for  Center  Notched 
Crack  Growth  Specimens 


extensometer  measured  strain  on  the  centerline  of  both  faces  of  the 
specimens  indicating  an  average  strain  on  a  load  versus  strain  plot. 
Specimens  were  prestrained  to  2.41%,  3.85%,  6.  10%,  7.00%,  and 
10.00%  plastic  strain.  These  values  of  plastic  strain  were  determined 
from  the  load  versus  strain  plots  by  measuring  from  the  0.2%  offset 
strain  to  the  strain  at  which  the  load  was  removed.  This  plastic 
deformation  was  intended  to  simulate  the  extreme  yielding  at  the  crack 
tip  during  overload.  Center  notches  were  then  machined  into  the 
specimens  and  fatigue  cracks  propagated  utilizing  constant  amplitude 
loading  parameters. 

(3)  Peak  Overload/Constant  Load  Amplitude 

Cracks  were  propagated  in  center  notched  specimens  utilizing 
constant  amplitude  loading  parameters  prior  to  overload  application. 

Peak  overloads  were  applied  such  that  the  peak  stress  intensities  reached 
during  overload  were  20%,  50%,  70%,  and  100%  greater  than  the  maximum 
stress  intensity  just  prior  to  overload  application.  The  minimum  load 
during  peak  overload  was  the  same  as  that  of  a  constant  load  amplitude 
test.  There  was  a  momentary  pause  at  the  minimum  load  before  and 
after  each  overload  application.  This  pause  was  not  considered  long 
enough  to  have  an  effect  on  subsequent  crack  growth.  After  overload, 
the  same  constant  amplitude  loading  parameters  were  employed  as  those 
prior  to  overload. 

r 

Stretch  zones  associated  with  crack  overload  were  measured 
at  the  center  of  the  specimen  thickness  utilizing  a  scanning  electron 
microscope. 
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RESULTS  AND  DISCUSSION 

The  tensile  properties  of  the  Ti-6A1-4V  test  sheet  are  presented 
in  Table  II. 


TABLE  II 


Tensile  Properties  of  Annealed  Ti-6A1-4V  Sheet 


Direction 

Ultimate 

Strength 

(KSI) 

Yield 

Strength 

(KSI) 

Elongation 
In  2  Inches 
(%) 

Longitudinal 

142.6 

134.  4 

14.  4 

142.  9 

133.6 

13.  3 

142.9 

133.6 

12.  2 

Average 

142.  8 

133.9 

13.  3 

Transverse 

141.6 

137.  2 

13.  4 

142.  1 

137.  6 

14.  1 

142.  1 

137.  9 

12.  3 

Average 

141.  9 

137.6 

13.  3 

Although  the  average  ultimate  strength  and  elongation  were  similar 
in  the  longitudinal  and  transverse  directions  of  the  sheet,  the  average 
yield  strength  was  slightly  higher  in  the  transverse  direction.  Photo¬ 
micrographs  were  made  parallel  to  the  longitudinal,  transverse,  and 
short  transverse  directions  of  a  center  section  of  the  test  sheet  to 
establish  grain  orientations.  The  photomicrographs  showed  that  the 
microstructure  was  predominantly  equiaxed  with  a  slight  tendency  for 
long  grains  to  be  oriented  in  the  longitudinal  direction  of  the  sheet 
(see  Figure  4). 

The  observed  crack  length  versus  the  number  of  fatigue  cycles 
for  each  crack  growth  specimen  is  presented  in  Figures  5  through  14. 
Figures  5  and  6  present  the  constant  load  amplitude  crack  growth  data 
for  material  containing  no  prestraining.  Reviewing  Figures  7  through 
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TRANSVERSE  LONGITUDINAL 


Average  Crack  Length,  a  (inches)  Average  Crack  Length,  a  (inches) 


0  10,000  20,000  30,000  40,000  50,000 

Number  of  Cycles 

Figure  6.  Constant  Load  Amplitude  Crack  Growth  Curve  (Specimen  CG-6) 
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Average  Crack  Length,  a  (inches)  Average  Crack  Length,  a  (inches) 


Figure  7.  Constant  Load  Amplitude  Crack  Growth  Curve  for  Strain 


Figure  8.  Constant  Load  Amplitude  Crack  Growth  Curve  for  Strain 
Hardened  Material  (Specimen  CG-8) 
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Average  Crack  Length,  a  (inches)  Average  Crack  Length,  a  (inches) 


Figure  9.  Constant  Load  Amplitude  Crack  Growth  Curve  for  Strain 
Hardened  Material  (Specimen  CG-13) 


Figure  10.  Constant  Load  Amplitude  Crack  Growth  Curve  for  Strain 
Hardened  Material  (Specimen  CG-5) 
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Average  Crack  Length,  a  (inches)  Average  Crack  Length,  a  (inches) 


Figure  11.  Constant  Load  Amplitude  Crack  Growth  Curve  for  Strain 
Hardened  Material  (Specimen  CG-3) 


Number  of  Cycles 

Figure  12.  Crack  Growth  Curve  with  70%  and  20%  Single-Cycle 
Peak  Overloads  (Specimen  CG-7) 
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Figure  13.  Crack  Growth  Curve  with  100%  and  50%  Single-Cycle 
Peak  Overloads  (Specimen  CG-1) 


Number  of  Cycles 

Figure  14.  Crack  Growth  Curve  with  100%  and  50%  Single-Cycle 
Peak  Overloads  (Specimen  CG-14) 
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11,  it  can  be  seen  that  the  strain  hardened  crack  growth  specimens 
have  two  interesting  features.  First,  the  cyclic  life  to  failure  is 
decreased  substantially  by  hardening,  and  second,  the  net  uncracked 
region  just  prior  to  specimen  failure  is  approximately  the  same  in 
each  specimen.  This  indicates  that  the  crack  growth  rate  slightly 
accelerated  with  increasing  hardening.  Figures  12  through  14  show 
that  the  50%,  70%,  and  100%  peak  overloads  definitely  affected  crack 
growth.  Momentary  pauses  at  the  minimum  load  before  and  after  peak 
overload  applications  are  not  depicted  in  the  loading  patterns  of  these 
figures,  although  pauses  were  necessary  to  manually  change  the  load 
and  frequency. 

The  constant  load  amplitude  crack  growth  rate  data  obtained  from 
two  non- strain  hardened  center  notched  specimens  is  presented  in 
Figure  15.  It  was  concluded  that  two  specimens  were  sufficient  for 
baseline  data  since  there  was  very  little  scatter  in  these  data  and  they 
also  compared  favorably  with  data  in  the  literature  (Reference  9).  The 
same  loading  parameters  were  used  for  generating  baseline  constant 
load  amplitude  crack  growth  data  as  were  used  for  generating  the  pre¬ 
stained  crack  growth  data  and  the  constant  load  amplitude  portion  of 
the  peak  overload /constant  load  amplitude  crack  growth  data. 

Crack  growth  rate  data  obtained  from  the  strain  hardened  specimens 
is  presented  in  Figure  16.  A  search  of  the  literature  and  the  author's 
experience  showed  that  annealed  Ti-6A1-4V  does  strain  harden.  That 
is,  there  is  an  increase  in  yield  strength  and  a  decrease  in  ductility 
after  cold  working.  Strain  hardening  slightly  increased  the  fatigue 
crack  growth  rate  from  that>  growth  rate  obtained  with  annealed  specimens. 
The  original  premise  of  this  program  was  that  the  extreme  plasticity 
produced  at  the  crack  tip  by  overload  would  be  simulated  by  the  plastic 
deformation  due  to  strain  hardening.  But  rather  than  the  expected 
result  of  a  retarded  crack  growth  rate,  the  growth  rate  in  the  hardened 
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Crack  Growth  Rate,  da/dN  (microinches/cycle) 


15.0  20.0  25.0  30.0  35.0  40.0  45.0 

Cyclic  Stress  Intensity,  AKj  (KSI"\/lN) 

Figure  15.  Crack  Growth  Rate  Versus  Cyclic  Stress  Intensity  for  Constant 
Amplitude  Crack  Growth  Data  and  Data  from  Reference  4 
(Specimens  CG-10  and  CG-6) 
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Crack  Growth  Rate,  da/dN  (microinches/cycle) 


15.0  20.0  25.0  30.0  35.0 _  40.0  45.0 

Cyclic  Stress  Intensity,  AKj  (KSIylN) 

Figure  16.  Crack  Growth  Rate  Versus  Cyclic  Stress  Intensity  for  Strain 
Hardened  Material  (Specimens  CG-2,  CG-8,  CG-13,  CG-15, 
and  CG-3) 
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specimens  was  slightly  accelerated.  Therefore,  rather  than  contributing 
to  the  retardation  of  growth  rates  after  overload,  the  strain  hardening 
mechanism  slightly  accelerates  the  cracking  rate. 

Peak  overload /constant  load  amplitude  cracking  data  is  presented 
in  Figures  17  through  19.  The  following  results  were  observed:  (1)  a 
20%  peak  overload  had  no  apparent  effect  upon  subsequent  cracking 
behavior;  (2)  a  50%  peak  overload  had  a  retarding  effect  upon  the  crack 
growth  rate;  however,  there  appeared  to  be  continuous  crack  growth; 

(3)  a  70%  peak  overload  arrested  the  crack  for  approximately  1000 
cycles  and  retarded  the  subsequent  crack  growth  rate;  and  (4)  a  100% 
peak  overload  arrested  the  crack  for  approximately  2100  to  2200  cycles 
and  substantially  retarded  the  fatigue  cracking  rate. 

The  crack  length  increments,  arrested  cycles,  and  the  total 
number  of  cycles  affected  by  the  peak  overloads  are  presented  in 
Table  III.  These  were  the  crack  length  increments  and  the  number  of 
cycles  necessary  for  the  overloaded  crack  to  return  to  the  cracking 
rate  of  a  specimen  with  no  peak  overloads.  These  data  were  repeatable 
for  the  100%  and  50%  peak  overloads  when  testing  duplicate  specimens. 
The  data  tend  to  show  that  the  percentage  of  overload  may  be  used  as  an 
indicator  of  the  amount  of  subsequent  retardation. 

The  main  concern  of  the  remainder  of  this  report  will  be  the 
retardation  effect  of  peak  overload  excluding  crack  arrest.  Most  of 
the  analysis  of  retardation,  to  date,  have  used  data  fitting  techniques 
in  conjunction  with  the  effective  plastic  zone  or  the  effective  crack 
opening  (effective  AIC).  Empirical  relationships  have  been  developed, 
the  most  notable  of  which  are  the  Wheeler  formula  (Reference  6)  and 
the  Elber  formula  (Reference  5). 

Wheeler's  formula,  which  is  concerned  with  the  relationship  of 
the  current  and  previous  yield  zones  at  the  crack  tip,  is  as  follows: 
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Crack  Growth  Rate,  da/dN  (microinches/cycle) 


Figure  17.  Crack  Growth  Rate  Versus  Cyclic  Stress  Intensity  for  70% 
and  20%  Single-Cycle  Peak  Overloads  (Specimen  CG-7) 
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Crack  Growth  Rate,  da/dN  (microinches/cycle} 
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Crack  Growth  Rate,  da/dN  (microinches /cycle) 


Figure  19.  Crack  Growth  Rate  Versus  Cyclic  Stress  Intensity  for  100% 
and  50%  Single-Cycle  Peak  Overloads  (Specimen  CG-14) 
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TABLE  III 


Effects  of  Overload  on  Subsequent  Crack  Growth 


Specimen 

Overload 

Affected  Crack 
Length  Increment 
(in  Inches)* 

Arrested 

Cycles 

Total 

No.  of 
Affected 
Cycles* 

CG-14 

100% 

0.  108 

2100 

10, 100 

50% 

0.  069 

- 

2,  500 

CG-  1 

100% 

0.  096 

2200 

11,200 

50% 

0.  058 

- 

2, 400 

CG-7 

70% 

0.  094 

1000 

8,  200 

20% 

- 

- 

*Crack  length,  as  measured  from  the 
specimen’s  centerline,  and  cycles 
necessary  to  return  to  conditions  of 
specimen  with  no  peak  overload.  The 
arrested  cycles  were  determined  from 
the  actual  crack  growth  data,  whereas 
the  affected  crack  length  increments 
and  the  total  number  of  affected  cycles 
were  determined  utilizing  da/dN 
versus  AKj  curves. 
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n 


£  CPj  f(AKj) 


i+1 


or 


(da/dN)o.L.  -  Cp(da/dN)c  A_ 


where 


m 


if  an  +  Ry<  ap 


Cp  =  1  if  an  +  Ry  ?ap 


an  "  aO.  L. 


(da/dN)c>A>  =  f(AKj) 


In  order  to  obtain  m,  the  data  fitting  constant,  a  loading  spectrum 
is  applied  repeatedly  to  the  same  specimen.  The  loading  spectrum  may 
include  variable  amplitude  loading  with  changing  mean  load  and  also 
loading  frequency  changes.  The  value  of  m  is  obtained  by  data  correla¬ 
tion  using  the  test  spectra  crack  growth  data  along  with  constant  load 
amplitude  crack  growth  data.  The  values  of  m  obtained  from  the  data 
of  this  report  are  shown  in  Table  IV.  Although  Wheeler  uses  m  as  an 
averaging  data  correlator  for  repeated  spectrum  data,  the  m  values  in 
Table  IV  were  determined  on  an  individual  data  point  basis.  Therefore, 
the  range  of  instantaneous  m  values  can  be  observed  in  the  reported  data 
as  opposed  to  the  average  m  value  utilized  by  Wheeler. 

Wheeler  has  displayed  that  his  model  gives  reasonable  predictions 
for  crack  growth  in  D6ac  steel  and  titanium.  Because  the  Wheeler 
model  makes  a  prediction  by  fitting  curves  to  previai  sly  observed  data, 
it  could  not  be  concluded  that  the  size  of  the  yield  zone  is  the  factor 
governing  retardation.  The  relative  cyclic  yield  zone  radius,  the 
difference  between  the  maximum  constant  load  amplitude  yield  zone  and 
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TABLE  IV 


Values  of  Constants  for  Wheeler  Formula 


Specimen 

No. 

Overload 

akc.a. 

CP 

m 

CG-7 

70% 

21.0 

0.  55 

1. 02 

21.7 

0.69 

0.79 

22.  3 

0.91 

0.20 

CG-1 

100% 

20.  5 

0.  58 

0.  56 

20.  7 

0.  69 

0.  39 

21.2 

0.  81 

0.25 

21.9 

0.  92 

0.  09 

50% 

29.  1 

0.  71 

0.67 

29.9 

0.  86 

0.  33 

30.  5 

0.  94 

0.  16 

CG-14 

100% 

19.  8 

0.  45 

0.  71 

20.  3 

0.61 

0.47 

20.6 

0.70 

0.  34 

21.6 

0.  78 

0.  27 

50% 

29.2 

0.  55 

1. 06 

29.  4 

0.  59 

0.97 

30.6 

0.  79 

0.48 
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the  maximum  yield  zone  at  the  time  of  overload,  are  presented  in  Table  V. 
The  values  of  relative  cyclic  yield  zone  radius  were  determined  by  first 
considering  the  plane  strain  yield  zone  radius  formed  at  the  tip  of  a 
crack  with  a  non-cyclic  tensile  load.  Irwin  (Reference  10)  has  determined 
this  non-cyclic  yield  zone  radius  to  be  given  by: 


ry  •(i./6).(K1/Oy ,)2 


The  cyclic  yield  zone  radius  has  been  shown  by  Hahn,  et  al  (Refer¬ 
ence  11)  to  be  considerably  smaller  than  the  non-cyclic  yield  zone. 


These  investigators  have  observed  that  the  cyclic  yield  zone  was  one- 
fifth  the  size  of  the  non-cyclic  yield  zone  for  Fe-3  Si  steel  using  sectioning 


and  etching  techniques.  Therefore,  whereas  the  relative  difference  in 


non-cyclic  yield  zone  radius 


the  relative  cyclic  yield  zone  is  taken  in  this  report  (in  the  absence  of 
other  identifications)  to  be 


The  relative  cyclic  yield  zone  radius  is  considerably  smaller  than 
the  affected  crack  length  increments  presented  in  Table  HI. 

The  Elber  concept  of  crack  closure  is  based  on  the  plastic  deforma¬ 
tion  left  in  the  wake  of  an  overload  fatigue  crack  as  the  crack  grows 
through  the  overload  yield  zone.  Elber  contends  that  when  the  crack  is 
unloaded  the  deformed  material  in  the  vicinity  of  the  crack  tip  (commonly 
referred  to  as  stretch  zones)  goes  into  compression  and  allows  the  crack 
to  remain  partially  open,  reducing  the  effective  crack  opening  displacement 
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and  AK.  Since  retarded  crack  growth  was  observed  after  the  crack  had 
exited  the  yield  zone,  it  could  be  said  that  crack  closure  also  influences 
cracking  behavior  after  the  crack  has  grown  through  the  yield  zone.  The 
Elber  crack  propagation  formula  is  as  follows: 


TABLE  V 

Relative  Cyclic  Yield  Zone  Radius  After  Overload 


Specimen 

Overload 

Ary.  (inches) 

CG-7 

70% 

0.0038 

20% 

0.  0020 

CG-1 

100% 

0. 0059 

100% 

0. 0056 

CG-14 

100% 

0. 0064 

50% 

0. 0059 

da/dN  =  C(AK  eff.  )n 
=  C(UAKT)n 

nr  _  CJ 

max  OP 

where  U  =  - - 

a  -a 

max  min 

The  physical  appearance  (stretch  zones)  of  specimen  fracture 
surfaces  from  this  program  were  hypothesized  by  the  Elber  concept. 

The  Elber  concept  of  crack  closure  has  also  been  corroborated  by 
von  Euw,  et  al  (Reference  12)  for  2024-T3  aluminum  alloy.  Although  the 
concept  appears  to  be  sound,  it  is  very  difficult  to  measure  crack  opening 
displacements  near  the  crack  tip. 

Stretch  zones  have  been  noted  by  several  investigators  (Refer¬ 
ence  13)  who  have  attributed  them  to  the  extreme  abrasive  rubbing 
together  of  fracture  surfaces.  Fatigue  striations  which  are  usually 
apparent  with  electron  fractography  are  obliterated  in  the  stretch  zones. 
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These  zones  appeared  on  all  overloaded  fracture  surfaces  except  at 
the  location  of  the  20%  overload  which  did  not  affect  the  fatigue  cracking 
rate.  The  stretch  zones  observed  in  specimen  CG-14  are  shown  in 
Figure  20.  These  zones  are  followed  by  either  striations  or  dimples. 
The  lengths  of  stretch  zones  associated  with  overloads,  as  measured 
at  the  center  of  specimen  thicknesses,  are  presented  in  Table  VI.  The 
lengths  of  stretch  zones  increased  with  increase  in  percentage  of 
overload  and  were  smaller  than  the  values  of  relative  cyclic  yield 
zone  radii  as  shown  in  Table  V. 


TABLE  VI 

Stretch  Zone  Length  After  Overload 


Specimen 

Overload 

Approximate  Stretch  Zone 
Length  (inches) 

CG-7 

70% 

0.0004 

20% 

not  visible  at  125X 

CG-1 

100% 

0.  0018 

50% 

0. 0012 

CG-14 

100% 

0. 0024 

50% 

0.  0016 
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Figure  20.  Overload  Stretch  Zones  (125X) 

Top:  50%  Overload  (Specimen  CG-14);  Bottom:  100%  Overload 
(Specimen  CG-14) 
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RECOVERY  MODEL  FOR  RETARDED  CRACK  GROWTH 


Since  the  design  of  future  high  performance  aircraft  will  have  to 
consist  of  some  crack  growth  logic,  it  is  imperative  that  a  siutable 
model  of  crack  growth  due  to  variable  amplitude  loading  be  available. 
The  following  development  may  be  useful  for  the  analysis  of  retarded 
crack  growth. 

An  approach  is  taken  that  considers  the  recovery  of  the  cracking 
rate  after  overload  with  respect  to  a  stable  constant  load  amplitude 
cracking  condition.  The  following  basic  equation  is  utilized: 


(1) 


where  05Z  51.  Z  is  termed  the  recovery  factor. 

In  order  to  determine  if  the  recovery  factor  does  vary  with  the 
percent  overload  or  the  AK^.  A  ,  the  recovery  factors  for  various 
cyclic  intensity  factors  are  plotted  in  Figure  21.  This  figure  displays 
a  family  of  approximately  linear  relationships  between  Z  and  AK,-.  . 

v_  •  A. 


Z  =  qAKc> A<  +  ZQ 


(2) 


Lines  were  fitted  to  the  data  points  in  Figure  21  using  a  linear  least 
squares  technique.  Observing  Figure  21,  it  was  determined  that 
q  =  f(%0.  L. ).  When  plotting  q  versus  %0.  L.  there  seemed  to  be  a 
parabolic  relationship  (see  Figure  22).  The  value  of  q  can  now  be 
obtained  from  Figure  22.  ZQ  can  be  determined  by  the  following 
relationship: 


where 

Zj  and  (AK^  A  ).  are  any  simultaneous  recovery  factor  and 


constant  amplitude  cyclic  stress  intensity  under 
the  influence  of  the  overload  in  question. 
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Recovery  Factor,  Z  =  |^(da/dN)0  ^  /(da/dN) 
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,  Slope  of  Linear  Recovery  Factor  Curves 


0.30 


a* 


Figure  22.  Percent  Overload  Versus  the  Slope  of  the  Linear  Recovery 
Factor  Curve 


33 


The  values  of  q  and  ZQ  obtained  in  this  report  are  presented  in  Table  VII. 


TABLE  VII 


Values  of  Constants  for  Equation  1 


Specimen  No. 

Overload 

q 

Zo 

CG-14 

100% 

0.  259 

-4.668 

CG-1 

0.  250 

-4.503 

CG-7 

70% 

0.236 

-4.408 

CG-1 

50% 

0.  179 

-4.  540 

CG-14 

0.  169 

-4. 381 

When  extrapolating  the  lines  in  Figure  2  1  to  Z  =  0.  0  it  was  found 
that  the  AK^  ^  intercept  was  approximately  the  actual  value  of  AK^,  ^ 
when  the  overload  was  applied  (see  Table  VIII).  Slightly  lower  values 
of  AK^  were  intercepted  from  the  curves  than  the  actual  applied 
AKq  for  the  50%  overloads.  This  is  to  be  expected  since  the  50% 
overloads  did  not  display  crack  arrest  (Z  =  0.  0). 

TABLE  VIII 


Actual  and  Extrapolated  Values  of  AK^  ^ 


Specimen  No. 

Overload 

Actual  AKc.  ^ 
(KSI  IN)  * 

Extrapolated  AK^  ^ 
(KSI  IN) 

CG-14 

100% 

19.3 

18.  1 

CG-1 

18.  5 

18.  1 

CG-7 

70% 

18.  5 

18.7 

CG-1 

50% 

28.  0 

25.  1 

CG-14 

28.7 

26.  0 
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The  recovery  approach  just  presented  indicates  that  the  recovery 
of  an  overloaded  fatigue  crack  depends  upon  the  percentage  of  overload 
applied.  The  parameters  necessary  for  computations  in  this  approach 
are  easily  obtained.  However,  when  implementing  Equation  (1)  and 
Equation  (2),  it  must  be  considered  that  these  equations  were  developed 
(1)  for  the  application  of  identical  constant  amplitude  loading  before 
and  after  each  overload;  (2)  for  cases  of  (3)  when  the  higher 

percentages  of  overload  occurred  at  low  AK^  ^  values  and  when  the 
lower  percentages  of  overload  occurred  at  high  AK^  ^  values;  and  (4) 
when  overloads  were  applied  far  enough  apart  in  the  specimens  so  that 
there  were  no  interacting  effects. 
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SUMMARY 


Fatigue  cracks  were  propagated  into  several  specimens  machined 
from  the  mill  annealed  Ti-6A1-4V  sheet  while  utilizing  constant  amplitude 
loading  parameters.  The  data  obtained  agreed  with  constant  load  amplitude 
crack  growth  data  in  the  literature.  Other  specimens  prestrained  to 
2.41%,  3.85%,  6.  10%,  7.00%,  and  10.00%  plastic  strain  showed  that 
rather  than  contributing  to  the  retardation  of  growth  rates  after  overload, 
strain  hardening  mechanisms  accelerate  crack  growth  rates.  Another 
group  of  specimens,  which  was  not  prestrained,  received  20%,  50%, 

70%,  and  100%  single-cycle  peak  overloads  with  the  results  being: 

(1)  no  effect  on  crack  growth  rates  with  20%  overload;  (2)  crack  arrest 
following  70%  and  100%  overload;  (3)  subsequent  crack  retardation  after 
crack  arrest  for  70%  and  100%  overload;  and  (4)  retardation  but  no 
crack  arrest  following  overload  application  for  50%  overload.  The 
percentage  of  overload  was  an  indicator  of  the  amount  of  subsequent 
retardation.  Additionally,  the  relative  plane  strain  cyclic  yield  zones 
were  not  an  accurate  indication  of  retardation.  The  appearance  of 
stretch  zones  on  the  specimens'  fracture  surfaces  were  in  agreement 
with  the  Elber  concept  of  crack  closure. 

A  linear  empirical  relationship  was  developed  based  on  the  recovery 
of  the  cracking  rate  after  overload  with  respect  to  the  stable  constant 
load  amplitude  cracking  condition.  The  basic  equation  used  in  this 
development  was: 

(da/dN)OL>  =  Z(da/dN  )c^ 

The  recovery  factor,  Z,  displayed  a  linear  relationship  with  AK^.  ^  for 
the  data  presented  in  this  report. 

Although  linear  recovery  was  considered  solely  for  the  application 
of  identical  constant  amplitude  loading  before  and  after  each  overload, 
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it  is  speculated  that  recovery  analysis  would  pertain  to  a  change  of 
amplitude  and/or  mean  loading  after  overload.  The  slope  of  the 
recovery  factor  versus  AKq  ^  might  either  increase  or  decrease 
with  the  relationship  of  the  maximum  stress  intensity  at  the  tune  of 
overload  with  respect  to  the  maximum  stress  intensity  in  the  constant 
load  amplitude  pattern  after  overload.  This  suggests  that  the  maximum 
stress  intensity  before,  during,  and  after  overload  may  play  a  part  in 
crack  retardation  and  recovery. 

The  data  in  this  report  were  developed  so  that  there  would  be  no 
interacting  effects  between  applied  overloads.  Recovery  analysis  could 
possibly  also  be  favorable  in  the  case  of  multiple  consecutive  overloads. 
Tests  of  this  type  must  be  performed  and  a  cumulative  damage  technique 
utilized  to  confirm  this  statement.  However,  when  this  situation 
approaches  high  amplitude-low  cycle  fatigue  conditions,  extensive  non- 
localized  plastic  yielding  may  negate  the  analysis. 

RECOMMENDATIONS 

The  computerization  of  recovery  analysis  for  spectrum  crack  growth 
predictions  is  considered  feasible.  If  so,  more  data  than  the  limited 
quantity  presented  in  this  report  is  necessary  for  the  determination  of 
constants  q  and  ZQ.  The  spectrum  would  be  separated  into  peak  overload, 
alternating  overload,  constant  load  amplitude,  and  other  primary 
influences  on  crack  growth.  Recovery  analysis  could  be  used  with  a 
cumulative  linear  technique  for  crack  growth  predictions  in  peak  overload 
segments  of  the  spectrum. 

Perhaps  a  more  practical  use  of  recovery  analysis  would  be  its 
utilization  for  material  evaluation  and  the  selection  of  materials.  The 
method  could  be  used  to  compare  the  retardation  of  crack  growth  in 
several  materials  . 


37 


It  is  recommended  that  further  investigation  be  made  in  the  region 
of  Z<0.45,  although  extrapolation  of  lines  fitted  to  the  data  in  this 
report  to  Z  =  0.  0  shows  recovery  for  100%  and  70%  overloads  to  remain 
linear.  A  look  at  other  high  strength  materials  in  addition  to  Ti-6A1-4V 
is  also  necessary  to  demonstrate  that  linear  recovery  is  not  an  exclusive 
trait  of  this  alloy. 
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